Sorption characteristics of multiple adsorption of six heavy metal ions often found in refinery waste waters using activated carbon from Nigerian bamboo was investigated. The bamboo was cut, washed and dried. It was carbonized between 350˚C -500˚C, and activated at 800˚C using nitric acid. Simultaneous batch adsorption of different heavy metal ions (Cd 2+ , Ni 2+ , Pb 2+ , Cr 3+ , Cu 2+ and Zn 2+ ) in same aqueous solution using activated carbon from Nigerian bamboo was carried out. The adsorption process had a better fit for the Freundlich, Temkin isotherm and Dubinin-Radushkevich (DRK) isotherm models but could not fit well into Langmuir isotherm. Adsorption isotherms showed that there is competition among various metals for adsorption sites on Nigerian bamboo. The DRK model was used to determine the nature of the sorption process and was found to be physical and chemical, with sorption energy of metal ions ranging from (7 -10 kJ/mol). The adsorption of Cd 2+ , Zn 2+ , Pb 2+ and Ni 2+ ions was chemisorptions and that of Cu 2+ and Cr 3+ ions was cooperative adsorption. Therefore, this study revealed that Nigerian bamboo can serve as a good source of activated carbon with multiple and simultaneous metal ions-removing potentials and may serve as a better replacement for commercial activated carbons in applications that warrant their use.
Introduction
Heavy or toxic metals are trace metals like mercury, nickel, lead, arsenic, cadmium, aluminum, platinum, and copper that are at least five times denser than water. As such, they are stable elements and cannot be metabolized by the body. They can be passed into the food chain to humans via waste waters from industrial and domestic activities. Heavy metals are taken into the body via inhalation, ingestion, and skin absorption. Heavy metals such as Chromium, Cadmium, lead, Copper, Zinc and Nickel are often found in refinery waste waters and are carcinogenic or toxic to the environment [1] .
The removal of toxic heavy metals has been carried out by several researchers [2]- [6] , using activated carbons made from peanut shells, raw and pretreated clinoptilolite, Chitosan, Agar and a commercial carbon (Merck 2514). The studies showed that selective metal ion adsorption of copper, lead, cadmium, zinc and nickel is possible in same aqueous solution. The competitive adsorption order and sequence of selection of heavy metals ions varies for different adsorbents. In the multi-element adsorption using kaolinite adsorption order of Pb < Cu < Zn < Cd was obtained [7] . The selectivity sequence was given as Co 2+ > Cu 2+ > Zn 2+ > Mn 2+ during the removal of heavy metal cations by natural zeolites [8] . The sorption of Pb 2+ , Cu 2+ , Fe 3+ , and Cr 3+ on natural clinoptilolite showed that equilibrium was favorable for Pb 2+ , unfavourable for Cu 2+ , and of sigmoid shape for Cr 3+ and Fe 3+ [9] . In the study of Competitive adsorption of heavy metals onto sesame straw biochar in aqueous solutions, adsorption sequence of Pb > Cu > Cr > Zn > Cd in the multimetal adsorption isotherm was obtained [10] .
The use of activated carbon from Nigerian Bamboo from previous single metal adsorption studies was very effective in the removal of heavy metal ions in aqueous solution [11] . Another study also showed that Nigerian bamboo activated with Nitric acid can effectively and selectively adsorb multiple heavy metals ions (Chromium, Cadmium, lead, Copper, Zinc and Nickel, often found in refinery waste waters) in same aqueous solution [12] . But no model was developed to predict the amount of multi-heavy metal ions simultaneously adsorbed in same aqueous solution using Nigerian Bamboo and the sorption characteristics was not studied for multi-metal adsorption.
Therefore, the objective of this research is to investigate the sorption characteristics of multiple and simultaneous adsorption of six heavy metal ions often found in refinery waste waters using activated carbon from Nigerian bamboo.
Materials and Methods

Materials
The materials used for this study are as follows: Granular activated carbon produced from Nigerian waste Bamboo, distilled water, Nitric acid, metallic salts containing Nickel, Copper, Zinc, Cadmium, Lead and Chromium ions. All the salts used to prepare the solutions were of analytic grade. Other equipments and apparatus used for the research are: An analytical weighing balance (+0.001, Adams AFP 360L), pyrolyzer with pyrex condenser, Electric burner, Measuring cylinder, Heating mantle, Desiccators, Crucibles, Funnels and filter paper, Digital weighing Balance, Mortar and pestle, pH meter, Spatula, Burette and retort stand, Beakers, conical flasks, stirrer, Muffle furnace, sieves (150 µm), Cutting machine and oven, Atomic Absorption Spectrophotometer (APHA 301A).
Methods
Preparation of Bamboo Samples
The Bamboo was cut into small sizes of about 2 cm long with a cutting machine. After the cutting, pieces of bamboo were washed thoroughly with distilled water to remove all the adherent extraneous matter. The bamboo was then dried in the oven.
Carbonization Process
2 kg of Bamboo pieces were weighed into a reactor. The Bamboo was pyrolysed between (350˚C -500˚C) in the absence of air for two hours, 30 minutes [13] . The distillate formed during the pyrolysis was collected by the receiver connected to a condenser. The charred material was cooled at room temperature before discharging it into a container.
Chemical Activation
The carbonated material was crushed. The crushed sample was screened using 1.18 mm sieve in order to get a uniform size of the particle. 100 g of carbonized bamboo was carefully weighed and put in beaker containing 150 cm 3 of Nitric acid. The solution was stirred until the mixture formed a paste. The paste was heated in an oven in order to reduce the moisture content. The crucible was then transferred into a muffle furnace where it was heated for 1 hour at a temperature of 800˚C in the absence of air so as to increase the surface area to volume ratio of the sample for proper adsorption. It was then cooled at room temperature and was washed with distilled water until the pH value was approximately 7, showing no trace of nitric acid. After washing, the activated carbon was then dried. The carbon was sieved again using a sieve of 150 µm based on previous works [14] , and the final products are kept in an air tight containers. Nitric acid was found to be the best for metal ion adsorption and so was used as previously reported [11] .
Characterization of Activated Carbon Produced
The characterization of the activated carbon involves the determination of properties such as bulk density, percentage burnt off, moisture content, ash content, particle size, benzene adsorption, methylene blue and iodine number [13] .
Determination of Adsorption Capacity
Six metal ions (Cd 2+ , Ni 2+ , Pb 2+ , Cr 3+ , Cu 2+ and Zn 2+ ) often found in industrial waste waters especially refineries were used for this study. Different concentrations of these heavy metals ions in solution were prepared. Batch adsorption of the six metal ions onto bamboo activated carbon was carried out in the same aqueous solution for the different concentrations of these heavy metals ions in solution i.e. using adsorbate/adsorbent ratio of 100:1. Each sample was stirred, and adsorption was carried out for 30, 45, 90, 120, 240 and 990 minutes till equilibration. After each time interval the sample was filtered out with filter paper to remove any carbon particles in the filtrate. This process was repeated for different concentrations of these heavy metals ions in same solution. 5 ml of the resulting filtrate from each sample was diluted with 50 ml of 2% nitric acid and metals ions in filtrate after digestion were analyzed using Atomic Absorption Spectrophotometer (APHA 301A).
Metal Uptake
The amount of metal adsorbed per unit weight of adsorbent, Q e (mg/g), was calculated from Equation 1 [15] . 
Adsorption Isotherms
Isotherm Models: The most common sorption models were used to fit the experimental data which has been applied for single and multi-metal [8] [16]- [18] . These are Freundlich, Langmuir, Temkin isotherms and DRK isotherms.
a) The first model is the Freundlich model. It often represents an initial surface adsorption followed by a condensation effect resulting from extremely strong solute-solute interaction. Freundlich model is of the form.
( )
where: K f = The Freundlich constant related to the adsorption capacity. n = The Freundlich constant related to the adsorption intensity. C e = The liquid phase metal concentration at equilibrium (mg·L b) The Langmuir model assumes that equilibrium is attained when a monolayer of the adsorbate molecules saturates the adsorbent. The linear form of Langmuir model is: 
where Q m is the maximum sorption capacity, β is the activity coefficient related to mean sorption energy, and ε is the Polanyi potential, which is equal to ( )
where R is the gas constant (kJ/kmolK). The slope of the plot of ln Q e versus ε 2 gives β (mol Figure 1 shows Freundlich isotherm for the multiple and simultaneous batch adsorption of different metal ions onto activated carbon from Nigerian Bamboo. The equilibrium data for the adsorption of these heavy metal ions were fitted to the Freundlich isotherm. A linear plot was obtained when Q e was plotted against C e over the entire concentration range in Figure 1 . The amount of metal ions adsorbed Q e increased with equilibrium concentrations C e for all the heavy metal adsorbed. The amount of lead selectively adsorbed was more than other metals. Similar report was obtained, in which Lead ions were adsorbed more than any other metal [19] . The effectiveness of Nigerian Bamboo carbon to selectively and competitively adsorbed all the heavy metals at the same time in the same aqueous solution is also seen from Figure 1 .
Results and Discussion
Adsorption Modeling
Freundlich Isotherm Model for Multiple Adsorption of Different Metal Ions in Aqueous Solution
The Freundlich isotherm model parameters (obtained from the slope, the intercept and the coefficient of determination from Figure 1 ) and the statistical fits of the sorption data to this equation are shown in Table 2 . It was observed from Table 2 that the adsorption conforms to the Freundlich model since the value of the coefficient of determination (R 2 ) is greater than 0.9, indicating that the isotherms are consistent with Freundlich model. The adsorption intensity (n) was obtained from the slopes as well as the adsorption capacity (K f ) from intercepts in Figure 1 . Also the values of 1/n obtained ranged from 0.521 to 1.408 from Figure 1 . The closer the value of 1/n to zero the more heterogeneous the adsorption surface. The Freundlich isotherm fits well with the experimental data. All the metal ions adsorbed had coefficient of determination R 2 > 0.9. This indicates that the Freundlich isotherm was very suitable for describing the multiple sorption of heavy metals ions using activated carbon from Nigerian Bamboo. Similar results were reported [20] during the Sorption of Pb(II), Ni(II), Cu(II) and Cd(II) from aqueous solution by olive stone waste, in which Freundlich model was found to provide the best correlation. A value of 1/n below unity implies chemisorptions process, for 1/n above one is an indicative of cooperative adsorption [17] . . The value of n gives an indication of how favorable the adsorption processes. The multiple adsorption of cadmium, zinc and lead ions by Nigerian bamboo carbon is more favorable than for Nickel, copper and chromium ions using Freundlich model.
Temkin Isotherm for the Multiple Adsorption of Different Metals onto Activated Carbon
from Bamboo A linear relationship was also exhibited from the plot of amount of metal ions adsorbed (Q e ) at equilibrium against the natural logarithm of equilibrium concentrations in Figure 2 for Nickel, Copper, Zinc, Lead, Cadmium, and Chromium using the Temkin Model. Temkin model parameters and the statistical fits of the sorption data to Temkin model are as shown in Table 2 and indicated that the adsorption conforms to the Temkin model since the value of the coefficient of determination (R 2 ) is greater than 0.9 for all the metal ions adsorbed. Hence Temkin model can also be used to predict the multiple adsorption of these metal ions using bamboo activated carbon. The values of Temkin constant (b) from Table 2 , related to heat of sorption differ for each heavy metal ion in same solution. Temkin isotherm takes into accounts of indirect adsorbent-adsorbate interactions on adsorption isotherms.
The Temkin isotherm model assumes that the adsorption heat of all molecules decreases linearly with the increase in coverage of the adsorbent surface, and that adsorption is characterized by a uniform distribution of binding energies, up to a maximum binding energy [21] . The Temkin adsorption isotherm model helps to evaluate the adsorption potentials of the adsorbent for adsorbates [22] . From Table 2 , the value of b related to the heat of adsorption using Temkin model reduce according to the sequence Pb 2+ < Cu 2+ < Cr 3+ < Ni 2+ < Zn 2+ < Cd 2+ , while the value of constant B increase in the order Pb 2+ > Cu 2+ > Cr 3+ > Zn 2+ > Ni 2+ > Cd 2+ . The value of b for Pb 2+ ions adsorbed was the least (132 J/mol) and Cadmium was the largest (314 J/mol). These values revealed that it was very easy to adsorb lead, copper and chromium ions during the multiple adsorption than other metal ions using activated carbon from Nigerian bamboo. Similar results was reported during the adsorption of Pb, Zn and Cu by Kaolinite [22] . Figure 3 shows Langmuir Isotherm for the batch multiple and simultaneous adsorption of different heavy metal ions using activated carbon from Nigerian Bamboo. The equilibrium data for the adsorption of these heavy metal ions were fitted to the Langmuir Isotherm. A linear plot was obtained when C e /Q e was plotted against C e over the entire concentration range. The amount of adsorbate adsorbed increased with increase in equilibrium concentration for all the metals. The slope (b) which is known to be the adsorption intensity, the intercept (Q m ) which is a measure of adsorption capacity and the coefficient of determination were determined from Figure 3 . The Langmuir model parameters and the statistical fits of the sorption data to this equation are shown in Table 3 . The data represented on Table 3 indicates that the multiple adsorption of the heavy metal ions did not fit well to the Langmuir isotherm model, since R 2 is less than 0.9 for most of the metals. Adsorption of heavy metal ions are more favourable for single adsorption using Langmuir than in multiple and competitive adsorptions for Nigerian bamboo as adsorbent [14] [18] .
Langmuir Isotherm for the Multiple Adsorption of Different Metals onto Activated Carbon from Bamboo
Similarly, experimental data during adsorption of some heavy metals [3] were also applied to the Langmuir adsorption isotherm, but linear form of the Langmuir adsorption isotherm was not obtained. This was also observed in a similar study carried out [23] during the study of adsorption of Pb(II), Cd(II), Ni(II) and Cu(II) onto natural kaolinite clay. The results obtained from adsorption isotherm of kaolinite clay showed that the equilibrium data were better fitted with the Freundlich equation than with the Langmuir equation.
The Langmuir adsorption model deviates significantly in many cases (especially for multi-metal adsorption), primarily because it fails to account for the surface roughness of the adsorbent. Rough inhomogeneous surfaces have multiple site-types available for adsorption, and some parameters vary from site to site, such as the heat of adsorption. This mean that the surface of Nigerian Bamboo carbon is heterogonous with multilayer coverage. Figure 4 shows Dubinin-Radushkevich (DRK) Isotherm for the multiple and simultaneous batch adsorption of different heavy metal ions using activated carbon from Nigerian Bamboo. The experimental data was fitted into DRK model to enable us determine the type of sorption process that exist when these six metal ions are simultaneously adsorbed by activated carbon from Nigerian Bamboo in same aqueous solution. The equilibrium data for the adsorption of these heavy metal ions were fitted to the DRK Isotherm. A linear plot was obtained when In Q e (mol/g) was plotted against ε 2 over the entire concentration range. The amount of adsorbate Q e adsorbed varies linearly with ε 2 for all the metal ions. Adsorption isotherms showed that there is competition among various metals for adsorption sites on Nigerian bamboo.
Dubinin-Radushkevich Isotherm for the Multiple Adsorption of Different Metals onto Activated Carbon from Bamboo
It was observed from Table 3 that the adsorption conforms to the DRK model, since the value of the coefficient of determination (R 2 ) is greater than 0.9, indicating that the isotherms fitted well to DRK isotherm. The values of β and Q m , are listed in Table 3 with their corresponding value of the coefficient of determination, R 2 . It can be observed that the values of β (mol 2 /J 2 ) for Ni, Cu and Cr ions are the same. (1.00E−08) while that of Zn and Cd ions (5.00E−08) are also the same but lead was different (7.00E−08). The same trend was observed for the values of the mean sorption energy for the metal ions E (kJ/mol). The values of E ranged between 7 -10 kJ/mol for the heavy metal ions adsorbed by Nigeria bamboo carbon, which shows that the sorption process is physical and chemical. It had been reported that the E value ranges from 1 to 8 kJ/mol for physical sorption and from 8 to 16 kJ/mol for chemical sorption [24] .
Conclusion
The sorption characteristics of multiple and simultaneous adsorption of six heavy metal ions often found in refinery waste waters using activated carbon from Nigerian bamboo was studied. The experimental data were more consistent for Freundlich, Temkin and DRK isotherm models and best fit the sorption process than Langmuir. Adsorption isotherms showed that there is competition among various metals for adsorption sites on Nigerian bamboo. The nature of the sorption process occurring during the adsorption process was found using the DRK isotherm model to be physical and chemical, with sorption energy ranging from (7 -10 kJ/mol). The high multiple adsorption intensity (n > 1 for most of the metal ions adsorbed) of activated carbon from Nigerian Bamboo and its affinity for metal ions of Lead, Cadmium, Nickel, Copper, Zinc, and Chromium can help resolve many adsorption challenges in the industry and in water purification processes. 
